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AB$TRMCT 


Du# to rtctnt tnerg'y cr is , r#n#w«bl# »ourc#« of ♦n^rgy mrw 
b#ing lought.Uind ihas# long b##n thought of mm m ronow- 

«bl# mourcf of •n«rgy ,1^ dn d iiS*i*t#d sail pow#r can ba ua#d In 
thlp propularion as an a^K illary anargy sourca In ordar to raduca 
fual consumption, Dra of thit objactivas of this thasls work Is to 
study Wind Assist ad Ship Pnopulslon for Indian Shipping . Tharaf ora 
as a first of the thO'Sls work, a review of research in this area 
is presented by bringing together diverse informations from aero- 
dynam Ics, ship science end wet eorology . Var i ous sail types have bean 
assessed and the menuell'y controlled cat rig is recommended for a 
developing country Ilka India . Eat Imated fuel saving due to sail 
assist in Indian coistai shipping is tO X and Indian overseas shipp- 
ing is 80 X of the present consumpt 1 on , on the basis of available 
mirititnt st e t 1 st ic s . The possibility of considerable saving in fuel 
and foreign exchange agailnst a small capital investment is pointed out. 

The second part of this thesis deals with experiments carried 
out on double meinbra^nfe esall aerofoil which is considered more effici- 
ent than conventional single membrane sail. The aerofoil was formed by 
wrapping a nylon fabric over a circular pipe as leading edge and bring- 
ing the ends of the fabric to meet over a cusped trailing edge . The 
trailing adge chould rotate freely without any additional friction. The 
relative distance between the leading edge and the trailing edge was 
changed to give the fabric different tensions. Lift and drag coeffi- 
cients for the sail aerofoil were obtained for three different chord 
lengths /tach with three* different Reynolds numbers. The test results are 
analyzed with respect ro the data of previous research work carried out 
in this area . Suggostlons for the future work are made at the end. 
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CHAPTER 1 


1 


INTRODUCTION 


In r»c»nt y »ars , at t ^mpt ■ are mad* to aaarch naw and 
ranawabla sourcas of anargy.Thia i« bacausa all convantlonal 
sourcas of anargy lika coal, oil ate ara axhauat ibla . Al ao tha 
Incraaalng damand and galloping prlcas of fual hava lad to a 
fual crisis. So in ordar to ovarcoma anargy crisis ,ranawabla 
sourcas of anargy must ba sought Wind anargy has long baan 
thought of as a ranawabla source of anargy . Wind anargy is 
commonly usad for ganaration of alactricity by wind turbinas. 

But ona vary good us a of wind anargy is in propelling ships by 
installing sail-rigs which will lead to fual saving in tha main 
propulsion unltldasial angina ). Noraovar in tha saa wind tends to 
ba much stronger than on land and wind power being proportional 
to tha cube of wind velocity , considerable amount of wind anargy 
can ba harvested. By application of wind energy , considerable amount 
of fuel can ba saved and /or tha ship's spaed can ba increased . 

In recant years , the application of aerodynamics has vastly 
improved tha efficiency of sail-rigs and tha prospect of applica- 
tion of wind energy for ship propulsion is growing . Oavaloping 
countries such as Indonesia (Schanzla 1983) and FIJI (Macalistar 
1985) already have a wind-assisted ship propulsion program. 

i 

Recant research efforts hava greatly improved efficiency 

I 

of conventional sail airfoils. Naw types of sail airfoils with 
batter lift-to-drag ratio than convantlonal sail airfoils are 
possible . This has introduced sail airfoil with straamlinad j 

leading edge mast instead of ordinary circular mastCChaplao 
1968). In order to improve efficiency of airfoi 1 , double sided 
membranes wrapped over a rigid cylindrical leading edge have 
baan usadiSweenay 1961, Fink 1967, Robert at al . 1 979 ) . Ormi ston j 

- - « « 1 4 * double i 
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m^mbrAn* airfoil with a circular loading adgo and a taut wira 
as trailing adgo . 

Hanca this thesis is divided mainly in two parts- the first 
partiChaptar 2) deals with wind energy application in ship pro- 
pulsion as an auxiliary power source so that fuel consumption 
due to the main power source, a diesel engine, can be reduced. The 
second partCChapter 3) deals with experiments, which are carried 
out on double membrane sail airfoil with cusped trailing edge. 
Chapter 4 deals with the need for future R4D and points out the 
scope for future work. 


CHAPTER 2 


WIND ENERGY APPLICATION TO SHIP PROPULSION : 
REVIEW & RECOHMENDATIONS 


ABSTRACT 

Wind sail powar can ba used in ship propulsion as an 

auxiliary anargy sourca in ordar to raduca fual consumption . 
A review of research in this area is presented by bringing 
togahtar diverse informations from aarodynami cs i ship science 
and meteorology .Various sail types have been assesed and the 
manually controlled cat rig is recommended for a developing 
country like India. Estimated fuel saving due to sail assist 
in Indian coastal shipping is 20 X of the present consumption, 
on the basis of available maritime st at i st i cs . The possibility 
of consldarabla saving saving in fual and foralgn exchange 


against a small capital investment is pointed out 



IC.IJ INTItOOUCTION J 


Wind energy long b#*n thought of as a ranawabla 

sourc* of anargy , wharaas many othar sourcas -oil# coal ate. 
ara axhaust i bl a . Dua to tha currant anargy crisis intarast in 
wind anargy has incraasad as fossil fual costs and damand for 
power increase continually .Wind power available at a location 
is proportional to tha cube of wind valocity.So it is avldant 
that in regions of high wind velocity# considerable amount of 
anargy can be extractad from the wind. Above all# wind anargy is 
clean and pollution free. Wind energy can be used as an auxllli- 
ary means of propulsion in ships by installing sail-rig. Tha 
technology of sail has been vastly Improved by application of 
application of modern aerodynaml cs # 1 n recent years. This chapter 
attempts to bring under one head important informations and con- 
cepts from aerodynamics# ship sci ence # mar it ima transport statis- 
ticsiWind meteorology and fuel econoray.lt is hoped that this 
approach will facilitate the technical planning process and 
R ^ D activities. 

The term sall-asslst is applicable to tha ships in which 
most of the propulsive power Is developed by a fossil fuel 
engine and sail-power is used to save a part of the fuel and/ 
or to Increase speed. In fact# the prospect for application of 
wind energy is vary good over water areas# such as sea# large 
lake atc.#becausa wind tends to be stronger than on land. That 
wind speed and relative energy incraasa rapidly from rough 
terrain to smooth terrain# the sea being the smoothest , can be 
observed from Table 1 and Fig. t (Salter IS86).(Flg.l gives 
distribution at a particular location where wind speed at 
10OOra height is 10 m/s. 1 Fig. Ea S £b show how wind speed 
increases from land to sea and also how closely the tsovents 
follow the coast llneiSelter ISOai.FIg.Ca illustrates the 
point for 'an island and rig.Cb for a coastline which is part 
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of a cont inant . Var lou« typas of «ail-rlg« hava baan davaiopad 
ovar tha yaara.Uind Shipman Amarican Company , taatad aavaral 
rlga in tha aail-aasist moda on ships, out of which a 3000sq.ft 

% 'X— 

(• E7a.70 m) soft sail cat rig and a 90 sq.ftt» 8,36 m> 

Magnus rot or < rot at i ng cylindar) ara promising . Thay hava also 

% 

tastad a 300 sq.ftt* 87.67 m) modal of wing sal I C Bargason at 
al.t981).A cat rig has a soft canvas sail wharaas a wing sail 
has an aircraft wing Ilka structura and appaaranca , Thi s chap- 
tar dlscussas tha charactarist Ics of tha thraa typas of sail- 
rigs, thalr aconomic and tachnlcal marlts and finally how much 
fual saving Indian shipping industry may raaliza if sail-rigs 
ara installad on ships as auxiliary means of propulsion . Evan 
on tha existing flaat of ships, such sail rigs can ba retro- 
fit tad( 1 . a can be fitted later although not provided for 
originally ) with minor modlficat ions . Such a venture named 
INDOSAIL Project was undertaken by tha Indonesian Ministry 
for Research and Technology . In fact the INOOSAIt vassal is 
expected in the long run to rely more on wind and use the 
engine only In auxiliary modal Schenz le 1903). This vassal can 
via with motor ships in all respects except spaed by efficient 
utilisation of monsoon or trade winds over the Indonesian 
archipel ago . INDOSAIL project is a first step towards the Wind- 
Solar Ship “KAPAL SURYA** , which would be totally indapendant of 
fossil fuelslSchenzla 1983). In 1984 and t 985, Macal ist er Elliott 
and Partners Ltd., with the assistance of the Covernmant of Fiji 
and the Asian Development Bank carried out a project to rat- 
rofit CFig.3b) the 300 tonne ship 'Na Mataisau M Macal ist er 1985). 
Details of data recorded can ba found in Asian Development Bank 
Report, TA No . 508-FIJ , ! 985 . Due to limited budget tUS Dollars 40,000> 
they could not test mechanically controlled wing sail or Magnus 
rotor. The rig was manually controlled requiring minimum handl- 
ing.Tha Fiji axparlmant was so promising that tha investiga- 
tors recommended that ** no commercial ship should ba designed 


or built without con*id#ring -auxiliiiry sail...** in th# con- 
tact of int raarchipal ago shipping fhacalistar and Akastar 
t98S). Tha fuel price is likely to Increase in the next decade 
for the oil importing developing countries which should stimu- 
late further research in this f leld(Hacal ister t 985 ). 

(a.eJ TYPES OF SAIL-RICS AMD THEIR SELECTION : 

Various types of sail rigs are shown in Fig. 3a, includ- 
ing two different types of wind turblnes.lt can be shown that 
wind turbines in most cases can positively contribute to pro- 
pulsive power ( Bergeson at al . 1985, Blackford 1985). Square 
rigs operate by drag forces and hence they are very ineffi- 
cient. The remaining rigs operate on the basis of lift forces 
and are quite efficient (Newman 1 987 ). Princeton Sailwing is a 
sail aerofoil which is formed by wrapping a fabric over a 
rod, the ends of the fabric meeting at a sharp trailing 
edge. It has been named Princeton Sailwing because it was 
first tested at Princeton University ( Swee^ 1961 1. Similar 
aerofoils were used on sal Iboats (Harcha J 1964). Performance 
of Princeton Sailwing depends on pressure within the aerofoil, 
stiffness , porosity, extensibility (Robert et al . 19791. So 
its good performance depends much on the maintenance . Thus 
its maintenance cost is high. It is heavy and difficult to make. 
Since maximum thickness is much forward than conventional aero- 
foil, such as the wing sail, it usually has higher drag . A sail 
rig is selected for a ship on the basis of the following 
considerat ions : 

- propulsive performance of the sail rig 
-initial cost of installation of the rig 
-operating cost 
-weight 

-site (volume or area occupied by the system) 

-safety while operating the rig 



-cargo handling intarfaranca 
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-vlsibl 1 It y 

It ha* baan obaarvad that tha atayad maatlof a fora and aft 
rig) which la aupportad by guy wiraa waigha almoat aa much mm 
an unatayad maat.It alao haa poor aarodynamic parf ormanca 
and Intarfaraa with cargo handl 1 ng . Hanca unatayad rig ia 
praf arabla . Bargaaon at al C t 985 ) concluda on tha baaia of 
tha above factors that unatayad cat rig and wing sail have 
tha good proapacta for application in marina auxiliary prop- 
ul alon . 

(2.3) SAILING HECHANISM AND DIFFERENT MODES OF SAILING : 

Tha forward componant of tha total aarodynamlc forca 
acting on tha aail-rlg halpa in propalling tha ship. This ia 
illuatratad in Fig. 4( a) . Fig. -4(b) ahowa tha aarodynamlc forcaa 
acting on an aircraft, for tha aaka of compar laion , Tha following 
ara tha different modaa of aailing which are illuatratad in 
Fig. 5 wherein tha velocity triangle defines true and appa- 
rent wind : 

a> Running : When apparent wind is astarn(tha aft or rear por- 
tion of a ship la known aa atern),tha aarodynamlc drag 0 
provldaa forward thrust. The drag and lift coafflcianta 
and are obtained by dividing D and L by S# where f ia 

the density of alr,V ia the velocity of apparent wind and 8 
Is the projected area. Since drag coefficient of any 
surface kept perpendicular to the wind is almost the 
same, there is not much scope for improving the propulsive 
power in this mode. 

blRaachlng : When apparent wind is directly abaamCbreadth 

of a ship is known as beam), the lift force L provides 
the thrust. Hence tha maximum lift coefficient ia the measure 
for comparing different rigs. 

clCloae reaching: When the apparent wind la forward of abeam. 


drag reduces the propelling thrust . Though drag coefficient 
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at maximum lift coafficiant im an important factor to conai- 
dar^lt la daalrabla to attain maximum lift coafflclant and acc- 
apt tha corraapondlng drag coaf f 1 cl ant ( Bargaaon at al 19851. 
dJHaad winda: Whan ahip la procaadlng windviardi tha rig 
la randarad Inoparatlva and aat at xaro angla of attack to 
minlmiaa drag which cannot ba complataly al iminatad . Tha 
maximum lift coafflciant moat Important factor 

Indicating parformanca of a rig for moat of tha oparating 
modaa.Nota both Cj^and are functiona of tha angla of attack. 

C at { C ^ 

ia tha fraction of forward thruat loat dua to drag in 
closa reaching . C- 0 ^ reprasants tha drag at zero angla of attack 
and thla la tha tha drag whan tha rig ia Inoparat 1 va i t ha ship 
moving windward. Tha aerodynamic performance for tha riga ia 
tabulated in Table S . 

(2.4) CAT RIG : 

In t 98! , 3000aq . f t cat rig waa Inatallad and taatad by the 
Wind Ship Company on tha cargo ahip named m/v MINILACE . Tha gen- 
eral arrangement of cat rig la ahown in rig 6 . Aa ahown in the 
flgura^a triangular place of fabric ia atratchad batwaan a vert- 
ical unstayad maat and a horizontal boom. In a atorm or axtramaly 
gusty wind the sail can be lowered manually. Tha performance of 
tha cat rig is illuatratad in Fig T.An automatic control ayatam, 
which operates under normal condit ions# has bean developed.lt 
parforma the task of trimming the cat rig to get maximum thruat. 

CE.5) HAGNU 8 ROTOR TEST AND EVALUATION : 

Anton Flettner first predicted in tfSO'a that the 
tlagnus rotor could be used as a aail-asslat devicaf Flattnar 
l9E8).ln 1983 Wind Ship company along with T.HANSEN ofWind- 
fraa#lnc. tasted a hagnus Rotor aboard 18ton#e2:ft motor vassal 
TRACKER CHansen itTTl.The general arrangement ' ia shown in' 



rig. 8. A cylinder rotating In a cro««-f low> gata air accalaratad 
on on# aid© and ratardad on othar aida . According to Barnoulll'a 
Thaoram# thla givaa rlaa to praaaura diffaranca and that cauaaa 
ganaratlon of lift.Thia im tha baaic machaniam of ganaration 
of lift in Magnus rot or ( Swanson 1 se 1 , St raat ar at al.tfTSl. A 
valua of i Cl > up to 13 has baan paaaurad for a Magnua rotor 
(Bargaaon at al . 1 985). Tha Magnus rotor is structurally strong 

bacauaa of its ahapa . Tha lift forca ramalns constant abova a car 
tain wind spaad.Thls was danonstratad axpar imantal ly (Fig . 9 ) by 
Flattnar (1926). This la an Insuranca against a auddan strong 
gust of wind or a storm. Thus tha Magnus rotor is Inharantly 
aafa.Flg.10 shows tha parformanca curvaa of a 90 sq.ft Magnua 
rotor. Tha Magnus rotor has tha following advantagas : 

(i)Slza : Comparad to a cat rig of aqlvalant araa ( pro Jactad 
araa tlmas maximum lift coaf f iclant ) , tha Magnus rotor 
will ba lass than 1/2 as tall and sail araa cantrold only 
about E/3 as high abova tha dack This is das I rab la 

for ovarall stability of tha ship. 

( i 1 )Structura : In casa of soft sails and wing sallsi tha 
structura is haavy bacausa It is raqulrad to carry tha pra- 
ssura forca dlstrlbutad ovar flat araa down to tha hull 
through masts and rigging of high aspact ratio. (High aapact 
ratio Implias that tha rig has a haight much largar than 
its its avaraga width). A cylindar bacauaa of its curvatura can 
withstand battar both tha distributed pressure load and baam 
banding strasa.An aspact ratio of S or 6 la sufflciant for 
a rotor cylindar. 

CiiDDack Spaca raquiramant :Wing sail chord will ba about 
six tlmas tha barral ( cy I Indar Idlamatar . A soft sail cat rig 
of tha aama affactiva or aqivalant araa will hava a boom 
langth about 5 tlmas tha andplata diamatar . Thus Magnus 
rotor raquiras'far laaS' dack , spaca comparad tO'Othar sail rigs. 

< iv)Control :Sinca lift' is always parpandicular to apparent 



wind direct ion, It hmm no angl# of attack or atall angla. 
Hancc tha problam of adjusting angla of attack is not 

prasant as comparad to cat rig and wing sail. 

( V >Saf at y : Tha dangar of a swinging boom injuring parsonnal 
or damaging cargo is not prasant . Lowar andplata has 
a guard rail pravanting accidantal contact with craw. 
Barral and andplatas hava smooth surfacas and do not causa 
injury avan whila rotating. 

(vi)Waight:A sail-assist davlca should ba as light as poss- 
ibla,bacausa it dacraasas tha stability of tha ship. 
(This has baan furthar discussad in sactlon 8). Hagnus rotor 
systam is tha lightast sail assist davica avar dasignad. 
(vll)8ystam Costs:Magnus rotor is vary light and its compon- 
ants - masts , andplatas , barral ara vary simpla to 
manuf act ura . Tha cost of installing Magnus rotor is tha 
lowast if automatic control is anvisagad for all thraa typas 
of sail systam. 

( Vi i i )Ourabl 1 it y : Bacausa of inharant load limiting capacity, 
it is safa in storms comparad to othar sail davicas . Baca- 
usa of its toughnass, high fatigua strangth, corrosion rasist- 
anca I f ibragl ass is a vary suitabla building mat ar i al . Howavar 
aluminium is also a good choica bacausa of low cost 

(2.6) yiNQ SAIL : 

Tha idaa of using a rigid aircraf t-wing lika stru- 
ctura for sail-assist of ship propulsion is dua to Fiattnar 
(1926). In 1982 yind Ship and Caras Hallanic Shipping Entarpri- 
sas Ltd. of Piraaus, Graaca tastad a 300 sq.ft ying sail modal . 
Tha ganaral arrangamant of tha tast rig is givan in Fig. !1. 

This shows that tha wing sail modal has a flap. A flap is a sac- 
tlon at tha raar and of wing which can ba rotatad to gat hlghar 
maximum lift coafficiant at low valocity of windCHoughton at al . 


1988) . 



Aerodynamic Character! «t 1 c* of Wing Sail Model 
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In the tests conducted by Bergeson et al(tS051,the Reynolds 
number for model wing sail Is B.B million and that of full 
scale model Is 6.0 million .NACA 4 digit symmetrical sections 
were used since they show very small scale effect on lift 
curve slope for thickness ratios less than 1EX(Renolds number 
between 3 and S million). For thlcliness ratio of 16% of the 
model 1 there will be some scale effect . For higher thickness 
ratlos^model may have slightly lower value of lift than full 
scale sail (Abbot, et al . 1559, Bradbury , 1 560 ) . Minimum drag 
coefficient Is an important factor to account for the 

power loss in the head wind when the wing sail is feathered 
l.e. aligned with the direction of wind (York 1981). for 

NACA 4 digit symmetrcal airfoil is quite low, approximately 
0.006 (Abbot et al 1555). The predicted drag polar for wing 
sail model is given in Fig IE. Maximum drag coefficient obta- 
ined was 1.£,a conservative estimate based on flat 
plate data(Hoerner 1565). Maximum lift coefficient was ob- 
tained from data given by Abbot et al(1538). Flap gap de- 
creased maxmlmum lift by BOX. To prevent this a foam 
seal was put ( Abbot t , et al, 1536). The lift vs angle of attack 
curve based on the test results of the model with 45 degree 
flap deflection is shown in Fig 13. Stall angle noted was 
25 degree and (C^ “ 2.0. Higher lift coefficients are 

possible with a more efficient aerofol 1 (say , NACA 5 digit 
with 12% thickness) with flap deflection (Scherer 1574). 

The Wind Ship Company has developed an automatic control sys- 
tem for the wing sail. The control system will perform 
the following functions : 

-Trim the wing sail to get maxmtmum thrust 
-Feather the wing sail aut omat ical 1 y in storms 
- Align the flap to reduce aerodynamic drag 
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(S.7) POTENTIAL FOR VARIOUS RIGS 

Fig. 14 thi^ fu#l saving for various rigs on 

Mlni-Laca . Tabla 3 comparas pradlctad fual saving for various 
rigs at avsraga ship spead of 5.7 knot-Tha cat rig has th# 
following advantagas : 

It has a low construction and inatarial cost. Its dasign is 
simpla and inaxpasiva bacausa aaroalastic instability or flu- 
ttar doas not arisa in fabric. As a rasult initial capital 
raqulramant is low unlass it is automatically control lad . C In 
tha Indian cont ax t , whara labour is chaap tha possibility 
of manual control makas tha cat rig particularly attractiva.) 

Costs for cat rig and wing sail i if automatic control is 
anvi sagad, ara almost aqual.So aarodynamic parformanca is 
important and wing sail has certain advantages over cat rig : 

- high ( C , high L/D ratio 

- low 

- easier automatic control 

- easier cargo handling since lass deck space is required. 

The main disadvantage of wing sail is that its design is com- 
plicated since it has to be designed against aaroalastic inst- 
ability or flutter. 

Present Value Model : The most common method of assessing the 
cost effectiveness of an instant ion or device is by means 
of tha present value modaI.lt relies on the three following 
costs for making an assessment 

1) Initial investment (lo) , for retrofitting the sail-rig on 
a ship 

£ I Annual fuel cost ( Fc for the sail-assisted ship 

3) Annual operational maintenance cost C Me), of the rig Money 
allocated to be spent for maintenance of rig and for meeting 
fuel cost is allowed to get interest in bank .This modal has 
the. Importance in that it ^ can be used for comparing economic 
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viability of various rigs and arriving at a daclslon^what 
typa of rig will ba sultabla for a particular shlp.Tha nodal 
has bean discussed by Tewarl (1978) and leads to the following 


txpre*«i 0 n ^ - hi 

PV »lo +VFc/(tt-Y) t ^Hc/d+Y)^ 


where PV ■ present value 
Fc » annual fuel cost at present 
Me ■ annual maintenance cost present 
Y « rate of Interest 

N “life span of the ship in years . Assuml ng annual fuel price 
hike at the rate of rl and annual Inflation rate to be re. 


equation (1) becomes 


PV » lo 


XT Fc (1+rfr \ He (t+rS) 

^ ( T+ YjJ CI+ Y)^ 


J- I J= » 

Let ( l-f-rl )/( 1+Y>»x1 , ( 1+r£>/(1eY)«xe 

j ^ Ki j 

Then PV »Io + Fc^ (xl) He C £ ) 

M j^l 

Applying the formula for the sum of a geometric progression. 


we get from equation ( £ 1 : 


PV »Io + 


x1 - 1 


xl - 1 


x£ - 1 


x£ • 1 


For a ship without sail, lo »0, He » O.For a ship with 


sal l~assl St , rig cost lo and rig maintenance cost Me have defi- 


nite values. If the present value in the latter case 
(with sailassist) Is less than the former,then it is evident 
that sail-assist will be economical . Different rigs will have 
different values for lo, Fc,Mc .To assess what type of rig 


will be attractive over the ship's life, say, for l5-£0 
years, calculation based on the present value model Is to be 
carried out.Bergeson et al. (19851 mention that initial 
investment required for cat rig and wing sailCboth with 
automatic, controls! is more or less the' same . Comparing 
average' perf or,mance at ship' speed of S tnots aO'd wind speed 
of 13.7 knots 'When the distribution is, mm sh-own in 
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Fig. IS*, wing sail sav#* 38%, cat rig 86% and Magnus rotor 80% 
of fual,aftar daducting tha powar raquirad for spinning t ha 
rotor, (Fig 1 5b ) . Assum 1 ng maintananca cost to ba tha sama 
for all rigs, tha rotor cost must ba lass than 83% of tha cost 
of tha cat rig and las* than 63% of tha cost of wing sail to 
ba aconomically compat it iva, according to Bargason at al.(1f85). 
Rotor mora than maat* tha abova condlt ionsCBargason at al . 
1985 ). Taking into account tha advantagas of Magnus rotor ovar 
othar sail-assist davicas,it may ba commonly usad as a sail- 
assist davica in a futuristic scanario whara automatic control 
is a must. It has alraady baan mantlonad that in tha Indian 
contaxt manual control may ba attract iva and tha Magnus rotor 
may not ba tha bast option. lo for tha cat rig will ba vary 
low without automatic controls . Tha cat rig will ba low on 
maintananca but somawhat highar on oparational cost dua to 
manual control inspita of low labour wagas.In tha absanca of 
any axparimantal trial ilt Is a mattar of conjactura if a 
manually controllad cat rig will scora ovar tha rotor. Tha 
axparianca of tha Fiji Islands! Macal istar l985)also draws 
attantion to soft sail rigs with manual control. 

(8.8) EFFECT OF SAIL-RIC ON STABILITY OF SHIPS: 

Installation of sail rig may causa, if propar cara is 
not taken, a reduction in stability of the ship. Before going 
into how Installation of sail-rig affects ship stability, it 
will be appropriate to discuss briefly the stability of a ship 
in general ( Rawson at al . 1968). Fig.l6(a> shows a ship In 

upright condition when the weight U of the ship and buoyancy 
W act along the same vertical line XX which is the axis of 
symmatry.WL Is the w*t*rline,C is canter of gravity, Bo the 
initial center of buoyancy .Whan an external healing moment (dua 
to say, gust, waves etc.) acts on the ship,' the ship "heels 
through an angle ^ CFlg . 1 6b I . Tha new canter of .buoyancy is B . 



sine# weight «nd buoyancy doas not act along tna aaiwa 
vertical line, they create a moment which 1» designated as 
Righting Homent.The point of intersection (H) of the line XX 
and the line of action of buoyancy is known as met acent er * 1 1 
is evident from the figure that if H is above C^then righting 
moment opposes the heeling moment. Hence for stability of 
the ship^ it is essential that H is above C. From Flg.l6(b># 
Righting Moment * * WX CM^IN^ where CM and CZ are 

known as metacentric height and righting lever respectively. 
For small angles, M doesnot shift appreciablly with varying^ 
and hence CM remains constant.lt is obvious that the more is 
the righting moment, the more is the stability of the ship 
l.e. the ship can resist the heeling moment more effective 
ly.For a constant weight of W, righting moment will be more 


if GZ is more. Hence stability of a ship is presented in 
terms of CZ . Since CZ*CM ( SIN^) , we need the c.g. of ship to 
be as low as possible for increased CM. A typical Static 
Stability curve (CZ vs^curvel is shown in Fig. (17). In 
the limiting case , SIN ^-^^whlch implies CZ * CMX^For 

(LQZ ^ j 

fixed C and M, — ^ « CM i.e. slope of the CZ vs^curve at 
origin is CM. Thus CM can be easily measured as shown in Fig. 
17, by drawing a line parallel to CZ axis at^» 1 radian so 
as to cut the tangent line drawn at origin. 


A sail rig can affect the stability in two ways 

(i) Oue to weight of sail-rig, the c.g. of the system will 
go up, thereby reducing CM and hence static stability. 

(ii) Due to wind pressure on exposed area, the sail will cause 
additional heeling moment . In the Fiji trial, the heelangle 
chosen was 10 degree, at 16 knots apparent wind. Reefing of 
sail started at about 1£ degree to avoid any danger (with 
tanks ballasted or with equivalent cargo) according to Macall- 


ster (1S85>, For a retrofit sail-rig, the above problems can be 
counteracted , by bringing the c.g, of the' ship down, by increa- 



*lng In ballast tanks. For a ship which is to bs dssign- 

#d to carry a sail-rig from tha vary baginning , stability 
raquiramants damand that it should hava adaquata braadth. 
Howavar it is saan that sail-rig Installation doas not sig- 
nificantly affact stability of larga ships.Butit is dasirabla 
that tha sail-rig should be as light as possibla . Tharf ora soft 
sail cat rig has an advantaga ovar matallic wing sail and 
Magnus rotor. Tha sail rig slows down any haaling motion dua 
to air rasistanca or damping acting on tha sail araa^and thus 
Improvas passangar comfort (Macal istar 1985).Hara again tha cat 
rig has an advantaga ovar othars bacausa of largar araa. 


(£.9) INDIAN COASTAL SHIPPING : 


Considar a vassal sailing from Calcutta to Vishakhapat- 
nam.To astimata tha fual saving that can ba achiavad by wind 
assi St anca/ wa utlliza tha wind data givan by tlanl at al.(f963. 

For calculation of fuel saving dua to wind assistanca, wa usa 
wind valocity at Purl, which is midway batwaan Calcutta and 
Vishakhapatnam, and wind rosa of Bhubanashwar sinca that of Purl 
is not availabla. Ua assuma that tha mat aorological sltas ara 
wall away from tha towns and citias and in tha casa of tha two 
stations mantlonad abova thay ara closa to tha coast lina.Thara- 
fora thay balong to tha roughnass class 1 of Salzar (1986). Sinca 
wind spaad incraasas rapidly as ona movas away from tha coast 
into tha saa^an anargy incraasa of 40X is assymad(SaIzar 1986). 
Tha vassal chosan by Bargason at al<1985) is tha 3000 tonnas daad 
waight ganaral purposa cargo ship m/v MINI LACE which has tha 
following charactarist ics (Naval tarmlnlnology usad hara ara 
daflnad in Pawson at al (1968) ) ; 

Displacaiiiannt (avaraga) E951.685 matrlc ton(2905 long tons) 

Sarvlca spaad 8 knots{''4.115 m/sac) 

Inst al lad Powar 1000 h.p. 


Spaclf Ic Fual Consumpt ion 


E.E3e X 



ton/hp-hr 


Sail 'Slzatcat rlgT 


3 0 0 0 s q . f t ( ET 8 . T 0 9 s q . ma t r a ) 
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Operating «pead 7 knot*( 3.6 m/«#c) 

In ordar to ••timat* fual »aving»w» obsarv# that tha Mini Lac# 
la much lik# a typical ganarai purpoaa cargo vassal usad along 
tha aastarn coast In India. Tha ship's rasistanca charactari st ics 
ara glvan In Fig. (16) (Guldhammar, at al . 1 f T4 ) . From this curva, 
for an avaraga dlsplacamant glvan abova itha ship has a rasistanca 
of E6334.49 N whan Its spaad is 7 knots( 1 knot * 0.5144 m/s) . 

This is tha oparatlng spaad of MINILACE and powar curvas for this 
ship spaad ara glvan In Fig. 7. 

Effactlva Fowar • ( Rasistanca )X( val ocit y of tha ship) 

Powar raquirad to run tha ship at constant spaad of 7 knot 
- E6334.49X<^>X< 0.5144) watt -1E7.I6 HP . Tha ship has a propul- 
Siva affl Clancy * 0.35 (Bargason at al 1985). Tharafora# tha 
powar that should ba ganaratad by tha angina to run tha ship 
at spaad of 7 knots » 187.16/0.35 HP *363.31 HP . Tha prbcadura 
of calculation of fual saving is givan balow. 

Tha numbar of sailing hours par annum of a ship has to ba datar- 
mlnad from primary data givan in •* Basic Port Statistics of India 
1987 - 88 •* ( Raf. 5). This Involvas savaral staps. Total cargo 
handlad in coastal shipping in 1967-88 ( including all major and 
minor ports) * 46.5 million tonnas. Total cargo handlad by prl- 

mltlva and manpowarad sailing vassals at minor / intarmadiata 
ports *0, 488818 million tonnas. Total cargo handlad by motor-propal 
lad ships*46500000-48881 8*4601 1788 tonnas . Total numbar of ships 
involvad in coastal shipping * 146 (India's Ovarsaas Shipping 
Statistics 1 988-89) . Cargo handlad par ship in coastal shipping 
*4601 t 788/1 46*31 51 49 . 83 tonnas . Output par ship barthday in 1988 is 
3508 tonnas(Raf . 5, pp . C i i )) .Numbar of barthdays raquirad/ship to 
handla cargodn a yaar) *315149.83/3508 *89.83* 90 days. Avaraga 
port turn-around tima is 8.1 days(Raf.5, pp .( ii 1 ). Numbar of timas 
a ship takas barth in a yaar * 89.83/8.1 » 11.09 * II timas appro) 
mataly .Avaraga pra-barth datantion is £.£ daysIRaf , 5 , pp . ( i i ) ) . Tot i 
prabarth dat ant ion/ship in a yaar «'llX8.8 *84.4 days. Total numbai 





of day« a ahip is involvsd in cargo handling » 90+84 «■ 114 days. 

Tharafors numbar of days a ship is at saa -• 365-114 • 85 1 . Tharaf ora 

total HP-hrs raquirad par annum without sail assist ■ 85lXe4X363 . 31 

€ 

« 2 . 1 88/1 0 . 

Wind rosa and valocity for tha months of Harch, April and May ara 
approx imataly tha sama . So for calculation of fual saving for thasa 
monthS/tha wind rosa and valocity of May ara usad.From tha wind 
rosa wa can obtain tha wind angla, whara wind angla is dafinad as 
tha angla batwaan tha diraction of ship motion and tha wind . Tha 
sailing hours for a month is 84X3lXc 851 /365 )* 511.68 hrs, whara a 
ship ramains on voyaga for £51 days out of 365 in a yaar,as shown 
bafora.For tha months of Juna and July whan a ship is going from 
Calcutta to Vi shakhapat nam ,tha wind angla is 47 dagraa for £4 X 
and 85 dagraas for 1 4X of tha sailing hours. For tha ramaining 
hours, tha wind flows from diffarant dlract ions . Much of this wind 
can ba aasily ut i I i rad . Howavar , f or tha saka of simplifying calcu- 
lations wa shall consider only tha pradominant winds for tha time 
being . Simi lar procedure is followed for tha other months. Table 4 
and show tha calculations for outward and return Journais. From the 

5 

above tables we get tha total energy saved to ba 1.54EX10 HP-hrs . 
Hence the net fual saving is 7 X par annum due to wind assistance 
in Indian Coastal Shipping . Since we have considered only tha pre- 
dominant wind direct ions, ignoring contribution from the rest, 7 X 
saving is very much an underest i mat i on , It can safely be said that 
saving will be approximately 1 0X. The breakup of different types of 
ships Involved in Indian Coastal Shipping for the year 1988 is not 
available although the total number of vessels Is known to be 146. 
This breakup however is available for tha year 1981 I Workshop on 
Future of Indian Shipping 1981, pp. 1-81 and wa assume that the same 
proportion r*®»ln* valid for 1988. Th» numbar of dry cargo 1 Inara, 
tanicare and pasaang*r-cu«- cargo vaaaala daployad in coaatal ahlpp- 
Ing in 1988 turn out to b« 91, E9 and £6 raapactlvaly.U* racall 
that average number of days a ship remains at sea per annua Is E51 . 



The everege daily fuel consumption of these three categories are 
given in column D of Table 6 .Total annual fuel consuiuption calcu- 
lated in the same manner as in Table 6 turns out to be 1161800 
tonnes. Hence 1 0X fuel saving per annum will lead to a saving of 
116188 tonnes . 

(8.10) INDIAN OVERSEAS SHIPPING : 

Calculation of fuel consumption for overseas shipping by 
Indian vessels is shown in Table 6, the total being 1860660 tonnes 
per annum. The experiment with the ship Mini -Lace( Ref . 7 ) was condu- 
cted between Houston, USA and Panama . Th i s route is on the high sea 
as distinct from a coastal route. The prevalent wind in this zone is 
the North East Trade wind. The average fuel saving achieved by Mini 
Lace was 20 X. Indian overseas shipping like many other shipping In 
the world occurs mostly in the trade wind zone . Therefore £0 X fuel 
saving is assumed also for Indian overseas shipping which gives a 
total annual saving of £52132 tonnes approximately. 

(2.11) CONCLUSION : 

The cat rig appears to be the most promising for retrofitt- 
ing on Indian ships because of its low design and installation cost 
and easy handling. The annual fuel saving expected due to a sail- 
assist device is 116188 tonnes for Coastal Shipping and 252132 
tonnes for Overseas Shipping . Total annual fuel saving that can be 
achieved by Indian shipping will be 368320 tonnes which is of worth 
Rs.568 million( 31.63 million dollars ) approx imate 1 y , t ak ing average 
fuel oil price to be f85.5 per ton, price prevalent in Bombay harbour 
(Ref. 16, Table 5.1). This entire amount will be in foreign currency 
since India is an oil importing country . India, 1 ike most developing 
countries, has a balance of payment problem and therefore the Impor- 
tance of reduction in fuel oil consumption is Immense. The wind assist 
device (the cat rig) which is recommended here has a low capital re- 
quirement and a ■ short gestation period .Hence it is" part Icular ly 
suitable for indiaCand any developing country) which has its own 
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• hipping industry . Henc# it is rsconinsndsd that India should Invsst 
in R A D in this arsa^whsrs th# bsnafits mrm liKsly to.b# considsr- 


able for a small capital outlay . 



CHAPTER 3 
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EXPERIMENTAL SET-UP AND EXPERIMENT 
(3.1) INTRODUCTION : 

On# simpl# way of making a low #p##d aarofoil i# to 
wrap a fabric around a circular rod, bringing th# two #nd» of 
th# fabric to m##t at a rigid trailing #dg#.In thi# ca«#,th# 
circular rod forma th# loading #dg#.Und#r wind load,th# a#ro- 
foil b#com#s camberad. Sine# cambar incraasas with angla of 
attackith# aarofoil ganarally haa high lift curva slop# and 
high maximum lift coef f iciant . But sinca maximum thicknass is 
much forward, it usuallly has highar drag than convantional 
rigid aarof o i I . Drag dacraasas whan faabric of vary low poro- 
sity is usad.Th# parformanca of this typa of aarofoil dapands 
on tha Ranolds numbar , prassura within aarofoil and tha stiff- 
nass , axtansibi 1 t y and porosity of tha fabric , all axprassad 
non-dimansional 1 y ( Nawman and Ngabo 1978). 

Tha advantagas of such an aarofoil is that it is light, 
chaap and aasily foldablatStong 1974). Tha aarofoil is found 
to ba stabla undar wind load without any tandancy to flap. 

This can ba usad on sai l-boats, hang glidars and also wind 
turbinas . 

lasts on such an aarofoil was carri ad out by Nawman at al 
(1979) with a sharp trailing adga.It was dacldad to carry out 
tha prasant axparimant with a cuspad t ra I 1 i ng-adga , kaaplng all 
othar paramatars as closa to Nawman at #1(1979) as possibla 
Tha aarofoil was tasted for three different tunnel speeds of 12, 
15 and 17 m/sac.It was decided to carry out tha test for two 
leading edge radii with taut thickness-t o-chord ratio of 9.7 X 
and 13%. The distance batwaen the leading edge rod and trailing 
edge was varied to give different camber and tension to the 
fabric. Test was carried out with fabric of weight 40 g/m^.The 
lift and drag of the aarofoil was measurad for diffarant chord 



l#ngh» mn6 Reynold* numbers. 
(3.e) APPARATUS : 
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T#»t WAS CArried out in tho thrt*# dim#n»ionAl Arm of 
cloAAd circuit low «p##d two AmiA wind tunnoliIIT KAnpur.Th# 
t#At section six# is 167 cm X SI cm X 61 cm tFig. IS ), THa 
mod«l WAS mountAd horizontAlly bAtwAAn two Aiuminium circular 
discs. Th# AArofoil was formed using Aluminium pips as leading 
Adg# and a cusped rigid trailing edge .It was decided to go for 
A trsiling edge with cusp for Achieving better pArformAnce . 

ThA lattAr was freely pivoted at the two extreme ends on the 
discs. This allowed the fabric to take its natural shapeiFig . £0 ) . 

<3. 3) DETAILS OF VARIOUS COHPONENTS OF EXPERIHENTAL SET-UP : 
(3.3.1 ) CIRCULAR DISCS : 

Two Aluminium circular discs each of diameter of 47£ 
mm and thickness 3 mm were used as sidewalls and the £D model 
WAS mounted spanning the wal Is . Circular disc was chosen in order 
to avoid the inconvenience of measuring tare drag for each angle 
of attack of aerofoil. The edges of the discs were chamfered to 
ensure the flow within the discs to be two dimensional and also 
to reduce tare drag . 

Two rectangular slots each of size 18 mm X 1£ mm were 
made to insert the leading edge rod through the disc. This pro- 
vided for changing the chord length of the model by shifting the 
leading edge pipe back and forth^maintaining the trailing edge 
in position.In order to support the trailing edge piece^ thread- 
ed hole was made on the discs to hold the pin. Four holes were 
drilled on each discs to insert circular rods (Fig . £t 1 . 

C3.3.E) CIRCULAR RODS : 

Four circular rods of mild steel were used to hold the 
the two discs in position , After properly tightening with nut t 
the two^ discs alongwith four rods act as a single rigid body. 
Initially the rod diameter ' chosen was 5 «■«. Later while mounting 
on three struts of three component balance, it was found to be^ 
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too wtak to btar tho total walght of tht whol# »#t-up . So 
• xpariwant waa rapaatad with four roda of S mm diainatar(Fig,2t ) . 

(3.3.3) LEADING EDGE PIPES : 

Two aluminium pipaa of 25 mm and 33 mm outar diamatara 
war# choaan to aarva aa laading adga of modal .Aluminium plpa 
inataad of rod was choaan to maka tha modal light^thua kaaping 
tha waight of tha aat-up within limits allowad by thraa compo- 
nant balanca.Each of tha pipaa had thraadad bolts at both anda 
in ordar to tightan it against tha discs with nut s ( Fig . 88 ) . 

(3.3.4) TRAILING EDGE PIECES : 

Two piacas of trailing adga with cusp wara praparad. 

A mathamatical cusp is dafinad as a point whara two aurfacas 
maat at a sharp adga but hava tha sama tangant.This would ra- 
ault in a zero thicknass sharp trailing adga and is not a 
practical shape. In tha present case some thicknass, vary small 
compared to chord length, is introduced . Tha trailing adga piece 
was naaded to be as light aa possible . Also it should have enough 
thicknass to maka a hole of t . 6 mm diaroatar in ordar to insert 
tha pin through it. Thus it had two parts ,one made of teak wood 
and other part was a rectangular plate of mild steal with 3 mm 
thicknass . Tha wooden part had a groove throughout its length 
and the M.S. plate was inserted into it (Fig. 83 ).This as a whole 
now make the trailing edge piece. The hole for inserting pin was 
made on the plate at the position of centra of gravity of the 
trailing edge piece. 

C3.4) EXPERIHENTAL FROCEDURE : 

The rear strut of the balance can be moved up and down. 

This allows to change the angle of attack of the model. The bal- 
ance has a provision of moving the rear strut up resulting in 
40 degrees angle of attack for the model and down resulting in 
SO angle of attack from zero degree i.e. balance level condition. 
Initially it was decided to carry out the experiment for angle of 
attack from. , 45-85^, !80-f40^ , 1 35^85 . However due to limit- 



ation« on allowabl# pitching moroont acting on tht balanc# # taat 

o 

was carriad out upto angla of attack of 20. Th# modal was so arra- 
ngad as to hav« an initial angla of attack of xaro dagrsa at tha 
upparmost position of tha raar strut. Tha raar strut was than lowar 
ad to balanca laval condition by succassiva 5 dagraasithus incraas 

o ® 

ing angla of attack from 0 to 20 .In this sat-up,lift actad upward 
thus count aract ing tha weight of the systain. 

Tha nylon fabric was wrapped over the leading edge and 
trailing edge piece. The ends of the trailing edge piece were 
St itched. The fabric was glued to the trailing edge piece over 
a small distance of S mm to ensure that under wind load tha 
fabric keeps in flush with the trailing edge. Equal weights of 
amount two kgs were hung from both tha ends of the leading 
edge pipe to ensure equal extension of both the ends and to 
keep the fabric in sufficient tension. The leading edge pipe was 
then properly tightened with nuts. It was ensured that trailing 
edge piece was freely moving up and down, without any additional 

D 

frict ion . Lift and drag were measured for angle of attack of 0 
0 

to 20 for three different chord lengths each with three diffe- 
rent tunnel speeds of 12,15 and 17 m/sec.The experiments were 
carried out for chord lenghts of 261.0 ,259.5 ,258.0 mm which 
represent taut , si i ght ly loose and loose cases respectively. 

The experiment was repeated with the same set for which lift 
acted down. Lift and drag values were measured for the set up 
without model. This gave tare drag. This was substracted from 
the readings for the model to obtain correct lift and drag. 

(3.5) EXPERIHENTAL RESULTS : 

In order to obtain correct values of lift and drag, cal- 
ibration of the three component balance was don# , Cal ibrat ion 
results for lift and drag are plotted in Figs. 24 and £5 .Lift 
and drag values obtained by the balance were multiplied by 
factors of' '0.9983 and t.1236 'to obtain correct ■ values of lift 


and drag 
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Lift «nd drag coefficients for the aerofoil are •hown 

respectively in Figs. 26-31 end Figs . 32-37 . The lift and drag 

o o 

co#f f lei •nt ti for angl# of attack b#twt«n 0 to £0 for tNr^t 
dlffor^nt €«»•»( di fforont chord Itnghts) urt tabulated iru 
Tabl#« 7 and 8 

Lift co#fficlant im non-zaro and poait i v#( vary mt 

zaro angla of attack.Thi* is dua to initial carobar du# to 
flaxibllty of fabric of tha aerofoil.Tha shapa of tha •tT'o— 
foil could ba obsarvad through tha transparant parspait ffitait 
at tha sida of the tast section. Tha aerofoil was found to Ibt 
increasingly cambered with increasing angle of att ac k . The aitro- 
foil did not show any tendency to flap even in loose condition. 
Increase of camber ratio for a uniformly loaded membrane of 
small camber can ba obtained on the basis of an appr ox im at e 
analysisCRobart at al , t979>.The following expression iKows 


that increase of camber ratio 




Cm i? 

k 6A 


( 3 ) 


where is the normal force coefficient 

k is the elasticity constant of the membraneC tension/un it 
width/unit strain > 

^ is the init i al lUnloadedf camber ratio 

Thus the increase of camber is proportional to the sc|ytTa of 
wind speed and is much greater when the initial camber is 

small as in taut cases. Moreover it is proportional to the 

o 

normal force coefficient which generally inertasef from 0 

o o c 

to BO and decreases from 90 to ISO . 

<3. 8) ANALYSIS OF RESULTS : 

For the second set of experiments lift coefficient was 
found to decrease for increasing Reynolds number . Drto coeffi- 
cient was also found to decrease (Table 8) .But in “the f inst 
set of experiments ,lift and drag co^ef f icients were fO'Und to 



to incroa*# with R#ynold« numbar.From C 3 > of «#ction (3.5)# 

It can ba aasily obaarvad that catnbar incraaaaa with incraaaa 
in dynamic praaaura . Tharaf ora lift coafficiant ahould incraaaa 
with incraasing dynamic praaaura dua to aaaociatad incraaaa of 
cambar.Also lift at xaro angla angla of attack and fixad tunnal 
spaad increases with slackness of fabric due to associated 
increase of camber. 

Sweeney ( 1 961 ) made wind tunnal tests on a sailwing with 

leading edge diameter 12 % of the mean chord #aspact ratio of 

6 and a taper ratio of t/3. Tests were carried out with cotton 

duck sails/first untreated and then treated with wax to reduce 

porosity , Data for the tests are available for two Reynolds 

a ^ 

numbers and angle of attack 0 to 15. Though the amount of trail- 
ing edge tension is not ment ioned# t he fabric was very taut 

( Robert et al. 1979 ).So the lift and drag coefficients of 

Lj 

Sweeney ( 1 961 ) at Reynolds number of 15 X 10 are compared with 
experimental reaultsCwith lift acting down) of taut nylon at 
Reynolds number of 20.67 X 10. Lift coefficients of Sweeney ( 1 961 > 

show stall at angle of attack of 14 whereas the present experi- 

x> 

mental results does not show stall even at £0 . The treated 
cotton duck shows comparable results with maximum lift coeffi- 
cient of 0.82, the lift coefficient for taut nylon being 0.79 

o 

at 20. The lift coefficient for untreated cotton duck was more 

than treated one. Drag coefficient for untreated cotton duck is 

more than treated one. This is accounted for by more porosity in 

o 

the former case. Drag coefficient at 15 angle of attack for the 
present experiments is found to be higher than that of untreated 
cotton duck by 102.4 X.Drag coefficients for the present experi- 
ments at smaller angles of attack are higher by more than the above 
mentioned figure. 

Lift and drag coefficients are compared with those of 
Robert et al . ( 1 979 ? . L i f t coefficients for Robert et al.(1979) 
are fo^und to be more than present experimental result s , Also drag 
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co»f f for the 

results . However It 


former «re less than 
is observed that the 


the axper Iment a 1 
present experiment 


does not show stall even 
al . (1979) show stall at 


at 20 whereas results of Robert et 
10 and 15 for taut and loose nylon 


respectively . 




CHAPTER 4 


CONCLUSION AND SCOPE FOR FURTHER RESEARCH 
<4.1) CONCLUSION : 

Th® first psrtlChspter £) of this thesis deals with 
wind energy application for ship propulsion with implications 
for Indian coastal and overseas shipping. The prospects of var- 
ious types of sail rigs have been examined. Final ly it is con- 
cluded that cat rig with manual control appears to be the most 
promising for retrofitting on Indian ships. An estimation done 
shows that India can achieve total annual fuel saving of Rs.S69 
million .The second part of the thesis deals with experiments 
conducted on a sail aerofoil with a circular pipe as leading 
edge and a cusped trailing edge piece. The leading edge could 
be moved back and forth relative to the trailing edge .This 
allowed for changing the chord length and thus giving the fab- 
ric different tension . Though the trailing edge was fixed in 
position, it could rotate without any additional f r i ct i on . This 
allowed the fabric to take natural shape. Tests were carried for 
three different chord lenghts each with three different Reynolds 
numbers . Due to limitations of balance, tests were carried out up 
to an angle of attack of £0 degree . Present experimental results 
were compared with those of Sweeney ( 1 96 1 ) and Robert et al(1979). : 
Present experimental results show good agreement with Sweeney (196 
for smaller angles of attack upto 3 degrees . Robert et al (1979) 
achieved much higher lift coefficients and lower drag coefficients 
than present experiments. i 
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iA.S) SCOPE FOR FURTHER RESEARCH : 

Th* main d*f*ct of prosent •xpcrimont ia that at highar 
angles of attack ,the results are not valid. This is because 
at higher angles of attack ithe aerofoil obstructs the flow be- 
tween the two discs( side walls). The flow thus deviates from 
the aerofoil and passes through the gaps between the discs and 
the wind tunnel walls. Thus due to obstruction of flow between 
the discs, velocit y over the aerofoil is smaller than indicated 
by the pitot-static tube kept far ahead of the model. Also due 
to deviation of flow from the aerofoil, the flow no longer remains 
two dimensional at higher angles of attack and there is spillage 
of flow through the gap between discs and the tunnel walls. These 
two factors - retardation of velocity and loss of flow over the 

model causes lower lift coef f ic lent . A1 so the spillage of flow 

0 

implies that the discsiside walls) are not at 0 angle of attack 
and hence causes higher drag. This explains why the lift coefflclenl 
of present experiment is low and drag coefficient is high . 

The present defect can be rectified if the aerofoil spans 
throughout the breadth of the tunnel. In order to check flow in 
the gap between The walls and The discs , vert ical shrouds should be! 
placed in front of the discs. To maintain two dimensional flow the ; 
front edges of the shrouds should be streamlined. 
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Table 1 

Roughness 

Class 

0 

1 

£ 
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Types of Terrain and Roughness ClassesiRef. £5) 


Terrain Relative 

Energy 

water areas tO 

open country ares with very 7 

few bushes, trees, and buildings 

farmland with scattered buildinga 6 

and hedges with separation in 
excess of tODOm 


3 


built-up ares, forests and farmland 3 
with many hedges 
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T«bt» c n*«aur»« or Aoroaynamic porrorwanco ror rig 
•iTcrnativts ( &D Section Data ) : Rtf. 7 


Rig 

Cl 

mt 




Stayed Fore and Aft 

1 .5 

0.091 

0 . 092 

Unstayed Cat 

1.5 

0.084 

0.063 

Square 

1 .5 

0.1 £2 

0.107 

Princeton Sail Uing 

1 .6 

0.035 

0 . 075 

Uing Sailino flap) 

1 . 0 

0 . 037 

0.022 

(plain flap) 

£.0 

0.051 

O.OfI 

Flettner Rotor 

to.o 


0.113 
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Tabl* 9 Coapartson or proat ctoa movingm with various 
sail powar units at avaragt ship spatd of 5.7 knot s ( Raf . 7 ) 


Sail Powar 
Unit 

Nominal 

Sail Araa 
(sq.ft) 

Das ign 

Ulnd Spaed 
< knot ) 

X Dally Fuel 
Saving 

Cat Rig 

3000 

35 

3t 

Cat Rig 

3000 

£5 

£6 

Uing Sail 

3000 

40 

43 


Rotor 


450 


£5 


£5 
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T«t>l« ^ J Energy c Mr-hr ) mmvma by 8*11 Aaclct in outward 
Journoy fro« Calcutta to Viahakhapatnaa . 

Ship >paad ■ 7 knots ■ 3.6 m/m ; total sailing hour par sonthiTSH) 
for outward journay • 5n.6£/£hrs ■ £55.81 hrs 


Months 

Wind 

Uind 

Fraqu“ 

Available 

Sail Power 

Energy Saved 


Valocity 

Angle 

ancy 

Sailing 

• Aval labia. 

In HP-hrs 


( ksph) 

CDag> 


hours 

obtained 




raa ) 



froB Fig. 7 




A 

B 

C-TSHXB 

D 

E - CXD 

Octobar , 


47 

0.14 

35.61 

14.43 

516.73 

Novaabar < 

11.5 

95 

0.10 

£5.58 

£9 

741 .8£ 

Oacasbar , 


137 

0.£0 

51.16 

19.84 

984.31 

January 







February 

M.4 

47 

0.41 

104. 8B 

46.66 

4893.79 

March, 







Apri 1 , 

£3.6 

47 

0.41 

104.88 

134.39 

14095.105 

May 






i 

June 

££.£ 

47 

0.£4 

61.39 

108.67 

6684.00 

July 


£5 

0.14 

35.81 

31 . 1 

1113.79 

August 

17.1 

47 

0.£4 

61 .39 

49.75 

3054.15 



£5 

0.14 

35.81 

16.36 

585.65 

Septanbar 

i£.e 

4? 

0.£4 

61 .39 

£0.86 

1£80.59 
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Tublt 5 : tntrgy ( HP-hr ) Bavtcf by S«il kuBimt In rtturn 

Journty fro» Vithakhapat na* to Calcutta 

Ship apaad » 7 knota * 3.6 a/a ; total aalling houra par «onthCTSHI 
for return journty • 5n.6S/£ » CSS.Sf hra . 


Hontht 

Wind 
Vtlo- 
clty 
( kuph ) 

Wind 

Angle 

( Deg- 
ree 1 

Frequ- 

ency 

Avei leble 

Selling 

Hours 

Sail Power 
Available, 
obtained 
froa Fig, 7 

Energy 
Saved in 
HP-hrs 



A 

B 

C- TSH/B 

D 

E - CXD 


October, 

43 

0.£0 

51.16 

1 0 . ££ 


983.29 

Hoveaber , 

1 1 .5 

65 

0.10 

25.58 

30.0 


767.74 

December « 

133 

0.14 

35.81 

I f .£4 


688.98 

January 








February 

14.4 

133 

0.41 

104.66 

46.66 

4893.70 

March 


160 

0.10 

£5.56 

15.55 

t 

397.76 

April 


156 

0.17 

* 43.46 

31.10 

1352.22 

May 

23.6 

133 

0.41 

104.66 

108.87 

t 1418.28 

June 


178 

0.£0 

51.16 

15.55 

795.53 

Jul y 

££.£ 

155 

0.14 

35.81 

46.66 

1670.89 



133 

0.£4 

61 .39 

108.67 

6683.53 

Auguat 

17.1 

155 

0.14 

35.61 

El .32 

TI 3.47 



133 

0.£4 

61 .3f 

49.75 

3054.15 


S#pt*«b*r 12.8 133" 0.24 61.39 20.85 1279.98 
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Tabl* 6 Total annual fual conauaption dua to Indian 

ovarctaa ahipping without wind aaaiatanca 
(Raf. 10 , Tabla 3.1 to 3.5) 


Ship 

Typaa 

Nua- 

bar 

Avaraga Nuabar 

of daya at aaa 

par annua 

Avaraga daily 
fual conauap- 
t ion( tonnaa ) 

Fual Conauap' 
tion par 

annual tonnaa) 

A 

B 

C 

D 

E - BXCXD 

Dry Cargo 
Linar 

86 

1£1 

EC. 1 

£89978 .6 

Dry Cargo 

Bulk Carriar 

95 

168 

30.6 

■ 488376 

Tanker 

A8 

183 

57.1 

501566.4 

Dry Cargo 

8aal lar 

Traap 

1 

145 

££.7 

3E91 .5 

Paasangar- 

cun-cargo 

1 

130 

37 

481 0 

Ora/Oil 

Bulk 

Carriar 

9 

6S 

58.5 

3E643 

Total 

£40 

— 

— 

1860659.5 tonf 
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T«bl* 7 Lift and drag coafflcianta for tha praaant axpar imantc 
with lift acting up. 

Taut nylon, chord langth - 261 mm 



> 0 


Cl 





c4 


5 

1 0 

15 

20 ^ 

Raynolda no. 

/ 







4 

20.67 X 10^ 

/ 


0. 1489 

0 . 3755 

0.4971 

0.5266 

0.7925 

25.84 X 10^ 

t 


0.1440 

0.3649 

0.5083 

0.6386 

0.7988 

29.28 X tO^ 


0. 1528 

0.3664 

0.5152 

0.6540 

0 . 6224 


Reynolds no. 

— 

15 

1 

20 

20.67 X 10^ 

0.1006 0.1853 0.2753 

0.3667 

0.4786 

25.84 X 10^ 

0.1063 0.1858 0.2877 

0.3814 

0 . 4848 

29.28 X 10^ 

Slightly loos* 

0.0998 0.1913 0.2969 

nylon, chord l*ngth ■ £59.5 mm 

0.3860 

0.5074 


^L. 


Reynolds 

no . 


0 

5 

1 0 

15 

£0 

20.51 X 

lo"' 


0.2425 

0.4313 

0.6166 

0.6864 

0.8171 

25.64 X 

lo"^ 


0.2343 

0.4178 

0.5564 

0.6970 

0.8408 

29.06 X 

10^ 


0.2358 

0.4243 

0.5714 

0.6979 

0.8620 




Reynolds no. 

0 

5 

10 

15 

20 

20.51 X 10*^ 

0.1173 

0.2045 

0.2767 

0.3779 

0 .4827 

25.64 X 10^ 

0.1151 

0.1968 

0.2914 

0.3923 

0.5033 

29.06 X 1 0^ 

0.120! 

0.1970 

0.2966 

0.4000 

0 . 5234 


T«bl* 7 


cont inu*cl 
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Loos* nylon, chord length * £58.0 




0 r 

0 

5 

1 0 

15 

1 

20 

Reynolds 

no . 







20.43 X 

1 0^ 


-0 . 1205 

0.4758 

0.6194 

0.7609 

0.9088 

£5.54 X 

1 0^ 


-0 . 1 069 

0.4657 

0.6106 

0.7680 

0.9229 

28.95 X 

1 0^ 


-0 . 092f 

0.4665 

0 . 6259 

0.7751 

0.9262 





1 






r 

0 

oC 

0 

5 

1 0 

15 

1 

20 

Reynolds 

no . 







20.43 X 

1 0^ 


0.1128 

0.2083 

0.2955 

0.4063 

0.5263 

25.54 X 

10^ 


0. 1247 

0.2105 

0.3055 

0.4240 

0.5434 

£8.95 X 

10^ 


0. 1££3 

0.2160 

0.3143 

0.4341 

0.5529 
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T«bl* e Lift mnd dr*g co.ffici.nt. for th* pr..*nt .Kp*rim*nt. 
with lift acting down 


Ing down 
Taut nyloniChord langth- £61 mm 


c.” r 

0 

5 

t 0 

15 

20 ' 

Rffcynolds no. 






£0.67 X 10 

0.0119 

0.3701 

0 . 4965 

0.6594 

0 .7937 

£5.84 X 10 

0.1875 

0.3429 

0 . 4845 

0 . 6053 

0.7577 

£9.28 X 10 

0 . 1 847 

0.3287 

0.4650 

0.6045 

0.7800 




Cd 






5 

1 0 

15 

£0 ‘ 

Reynolds no. 






U 

£0.67 X 10“ 

0 .1207 

0 .2708 

0.3604 

0.4846 

0.6036 

L 

£5.84 X 10^ 

0.1688 

0.2421 

0.3377 

0.4176 

0.5502 

It 

£9.28 X 10^ 

0.1619 

0.2221 

0.3159 

0.4162 

0.5729 


Slightly loose nylon, chord length - £59.5 

0 5 



Reynolds no. 

h 

£0.51 X 10 

L 

£5.64 X 10^ 
£9.06 X 1 0^ 


0.3t£6 
0.£849 
0 . £687 


0.46£7 
0 . 4401 
0.4273 


0.6110 

0.5784 

0.5676 


0.7400 

0.7£44 

0.7009 


Reynolds no. 
£0.51 X 10^ 

k 

£5.64 X 10^ 
£9.06 X 10^ 


0.£336 
0 . 1704 
0 .1840 


0 2986 0 . 4093 
0.2552 0.3459 
0.2633 0.3522 


0.5124 

0.4559 

0.4371 


0.8864 
0.8794 
0 . 8546 



0.6407 

0.5932 

0.5739 



Table 8 ~ continued 


Loose nylon, chord length ■ 858.0 mm 




0 

5 

t 0 

15 

J 

20 

Reynolds 

no . 






20.43 X 

1 0^ 

0.3348 

0.5378 

0.6612 

0.8082 

0.9517 

25.54 X 

O 

J^ 

0.2922 

0 . 4790 

0.6186 

0.7614 

0.9037 

28.95 X 

1 0^ 

0.2750 

0.4703 

0 . 6037 

0.7441 

0.8894 











5 

1 0 

15 

1 

20 

Reynolds 

no . 






20.43 X 

10^ 

0.2330 

0.3222 

0.4072 

0.5157 

0.6560 

25.54 X 

1 0^ 

/ 

0.1818 

0.2627 

0.3582 

0.4668 

0.5942 

28.95 X 

4 

1 0 

0. 1700 

0.2542 

0.3491 

0.4505 

0.5933 


lull 



FIC 1 WIND SPEED VARIATION WITH HEISHT FOR DIFFERENT 
TERRAINS C REFER TO TABLE 1 1 « REF. £5 I 
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Fig. 3(b) 


COMBINATION OF CAT RIC AND CAFF SAIL USED IN FIJI 
ISLANDS EXPERIMENT (LINE DIAGRAM PREPARED FROM 
PHOTOGRAPH, REF. IT ) 
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Totol Aerodynamic Force 



Total Aerodyna Lift 



(b) 


FIG. 4 


aerodynamic forces and components (ref. 7) 


True speed 



^1 £ 
< 1-6 
D 



Ship speed 

% 

c 

/ 




(a ) Running 


Apparent 

wind 


D 



(b) Reaching 



^Heod 

wind 


(d) Head winds 


FIG.5 DIFFERENT MOOES OF SAILING ;L,D DENOTE LIFT AND 
DRAG FORCES 




Net Thrust Generated by Sail 




HRUST OF 3000 Sq. Ft 
(Ref. 7) 

S (12*96 KMPH) 


Equivalent Engine Horse Power 
Generated by Sail 

(Based on propulsive efficiency = 0 : 




53 


FIG. 8 



Water 

Line 


EXPERIMENTAL MAGNUS ROTOR : GENERAL 
ARRANGEMENT (Ref. 7) 
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Wind speed in rnph 
(lmph = 0 U7 m/sec) 


FIG. 9 


measured load on MAGNUS ROTOR Vs 
WIND SPEED (Ref .7) 


Rotor Thrust ir> Pounds 
( 1 Pound = U . 648 Newton ) 



Tru6 wind ongl^ ( Deg*) 


,0 PROPULSIVE FORCE SUPPLIED BY 90 Ft2 (-8.36 

MAGNUS ROTOR (Ref-?) 
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FIG. n GENERAL ARRANGEMENT OF 300 FT^ (= 27- 87 ) 

WINGSAIL TEST RIG ; NACA 0018 AIRFOIL SECTION 
(Ref. 7) 



Feathered C[j=0 02 


Drag Coefficient jCq 


12 300 FT^( =27- 87m^) WING SAIL MODEL 

LIFT /DRAG POLAR (Ref, 7) 







b.5d 


A = MOTOR SHiP 
B = CAT RIG ,25 KNOT 
Design Wind Speed 
C = CAT RIG, 35 KNOT 
Design Wind Speed 
D = WING SAIL , 10 KNOT 
Design Wind Speed 

1 KNOT = 0-5U4m /s 


4.0 

Average Ship Speed (KNOTS) 
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c 



FiG. 15(b) MINI-SHiP FUEL CONSUMPTION WITH 
VARIOUS RIGS. OF SAME EQIVALENT 
AREA (Ref. 7) 






Kiyhliny Lever OZ in I- eel 


3 




• • 





TEST SECTION 



3- D TEST SECTION (5-6"x3'x 2') 7. TURNING VANES 

CONTRACTION CONE 8. SCREENS 

DIFFUSER T. TURNING BOX 

RETURN DIFFUSER 
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ruMFKStONS ARE IN MM 



FIG. 21 CIRCULAR DISC AND CIRCULAR ROD 
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3 



Internal- 

threading 



threading 



Fie. 22 LEADING EDGE PIPES 








FI 0.24 THREE COMPONENT BALANCE 
CALIBRATION CURVE : LIFT 



I A- 



[ N ] ovyo 


FIG.25 THREE COMPONENT BALArJCE 



Angle of attack (Degree) 


FIG. 26 


LIFT COEFFICIENT VS. ANGLE OF ATTACK, LIFT ACTING 
DOWNWARD 


Loose nylon, Robert et a! (1979) 
Re no. 
o 18 X 10^ 

A 24 X 10^ 

30 X 10^ 

Loose nylon , Present expl. 

Re no. 

O 2043x10^ 

D 25-54 X 10^ 

* 28-95x 10'' 


10 15 20 

Angle of attack (degree) 


G. 27 LIFT COEFFICIENT VS. ANGLE OF ATTACK, LIFT ACTING 
DOWNWARD 
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Angle of attack ( Degree ) 


I. 29 LIFT COEFFICIENT VS. ANGLE OF ATTACK , LIFT ACTING UP 



Loose nylon, Robert et al (1979) 
Re. no. 
o 18 X 10^ 

D 24 X 10^ 

A 30 X -10^ 


Slightly loose nylon, Present expt 
Re no. 


20-51 xlO, 


■ — 25-64x10 


29-06x10 


I I ^ 1 I 

5 10 15 20 25 

Angle of attack ( Degree ) 


LIFT COEFFCIENT VS. ANGLE OF ATTACK, LIFT ACTING UP 




31 LIFT COEFFICIENT VS. ANGLE OF ATTACK , LIFT ACTING UP 




DRAG COEFFCIENT VS. ANGLE OF ATTACK, WITH LIFT ACTING 
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Loose nylon, Robert et at (1979) 

Re no 

18x10^ 

0 24 x10^ 

■ 30 X 10 ^ 


Slightly loose nylon. Present exp 

Re no 

• 20-51x10* 

o 25-64x10* 

A 29-06x10 


10 15 20 25 

Angle of attack (Degree) 


DRAG COEFFICIENT VS. ANGLE OF ATTACK .WITH LIFT ACTING 
DOWN 



IG.-34 DRAG COEFFICIENT VS. ANGLE OF ATTACK, LIFT ACTING 



Drag coefficient 



0 5 10 15 20 25 


Angle of attack (Degree) 

FIG, 35 DRAG COEFFICIENT VS. ANGLE OF ATTACK, WITH LIF 
ACTING UP 


Loose nylon, Robert et al (1979) 
Re no- 
o 18x10* 

‘ 24x10* 

30x10* 



0 5 10 15 20 25 

Angle of attack (Degree) 


FIG. 36 DRAG COEFFICIENT VS. ANGLE OF ATTACK, WITH L 
ACTING UP 


Degree coefficient 



Angle of attack (Degree) 

FIG. 37 drag coefficient VS- ANGLE OF ATTACK, WITH LIFT 
ACTING UP 
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Cl 

A Treated cotton duck 
o Untreated cotton duck 



0 5 10 15 20 25 

Degrees 


FIG. 38 COMPARISON OF COTTON DUCK SAIL RESULTS OF 
SWEENEY (1961) WITH PRESENT EXPERIMENTS, 
LIFT ACTING DOWN 






c? 3DG2 c? the sail-;. 




